The insulin-like androgenic gland hormone (IAG) is the key regulator in crustacean male sexual differentiation. As a secreted peptide hormone, IAG might perform its biological function through interacting with the membrane receptor. However, the receptor of IAG remains unclear. In the current study, a putative IAG receptor gene (FcIAGR) was identified in Fenneropenaeus chinensis. The deduced amino acid sequence of FcIAGR contained several conserved domains of insulin-like receptor proteins, including two L domains (L1 and L2), a cysteine-rich domain, three fibronectin III domains, a transmembrane domain, and an intracellular tyrosine kinase domain. Tissue distribution and in situ hybridization analysis showed that FcIAGR was predominantly expressed in the androgenic gland and testis in male F. chinensis. Protein colocalization analysis in HEK293 cells showed that FcIAGR could colocalize with both FcIAG1 and FcIAG2, respectively. Yeast two-hybrid assay further confirmed the interactions between FcIAGR and FcIAGs. After a long-term silencing of FcIAGR with double-stranded RNA, most of the germ cells in the testis were arrested at the secondary spermatocytes, whereas those in the control developed into sperm cells. The data indicated that FcIAGR was the receptor of FcIAGs in F. chinensis. The current study provides insight into the mechanism that the insulin-like signaling pathway regulates the male sexual differentiation in Decapoda crustaceans. (Endocrinology 159: 2173(Endocrinology 159: -2185(Endocrinology 159: , 2018 S ex determination and sex differentiation have always been key issues in developmental biology. As an important marine group, the sex determination and sex differentiation of the crustaceans have attracted increasing attention. Crustaceans generally display sex dimorphism in growth (1). Therefore, monosex aquaculture of economic crustacean species could significantly increase the yield (2). Crustaceans have a unique endocrine regulatory system, which affects many physiological processes, such as sex differentiation (3), growth, and molting (4). The sinus gland-androgenic gland (AG)-testicular endocrine axis plays a key role in sex differentiation of crustaceans (5). However, it is still unclear how the endocrine axis regulates the downstream pathways at the molecular level.
S ex determination and sex differentiation have always been key issues in developmental biology. As an important marine group, the sex determination and sex differentiation of the crustaceans have attracted increasing attention. Crustaceans generally display sex dimorphism in growth (1) . Therefore, monosex aquaculture of economic crustacean species could significantly increase the yield (2) . Crustaceans have a unique endocrine regulatory system, which affects many physiological processes, such as sex differentiation (3), growth, and molting (4) . The sinus gland-androgenic gland (AG)-testicular endocrine axis plays a key role in sex differentiation of crustaceans (5) . However, it is still unclear how the endocrine axis regulates the downstream pathways at the molecular level.
As one of the most important endocrine glands unique to the male crustacean, the ductless accessory gland was first discovered in the blue crab Callinectes sapidus (6) and then named "androgenic gland" (7) . The function of AG that controls both the primary and secondary male sexual characters has been demonstrated by removing or grafting AG to opposite sexes. Implanting AG to the female could completely inhibit the vitellogenesis in Orchestia gammarella (8) , whereas removing AG from the male individuals led to the oogenesis instead of spermatogenesis in Armadillidium vulgare (9, 10) . Morphological masculinization in AG grafted females (11) and feminization of AG ablated males (12, 13) were also observed in decapods of crustaceans. In the crayfish Cherax quadricarinatus, AG ablation from the intersex individuals resulted in sex shifts in morphology (9) , physiology (14) , and gene transcriptions (15) . Further studies showed a full feminization to produce functional females after AG ablation (16, 17) .
AG functions through a protein hormone named insulin-like androgenic gland hormone (IAG; originally called androgenic gland hormone), which is secreted by AG in the male crustacean. IAG was isolated and identified as a protein consisting of a signal peptide, B chain, A chain, and C peptide, structurally belonging to the insulin superfamily (18) . The first complementary DNA (cDNA) encoding an IAG precursor was reported in the terrestrial isopod A. vulgare (19) . In decapods, the cDNA sequence of IAG gene was first reported in C. quadricarinatus (20) , and then it was reported in different species (21) (22) (23) (24) (25) . Silencing of IAG by double-stranded RNA (dsRNA) (26) and in vitro bioassay of its recombination protein (27, 28) further confirmed the function of IAG in regulating male sexual differentiation.
The insulin-like signaling pathway plays important roles in growth, metabolism, stress resistance, reproduction, and longevity in diverse organisms (29) (30) (31) (32) . Insulin-like peptides can bind with the ectodomain of insulin-like peptide receptors to initiate the downstream phosphorylation cascade (29) . The insulin-like receptor (IR), as a transmembrane receptor, belongs to a subfamily of receptor tyrosine kinases (33) , which is synthesized as a single chain prepro-receptor and then glycosylated, folded, and dimerized to yield the mature a 2 b 2 receptor. The IR includes two L domains (L1 and L2), separated by a cysteine-rich (CR) domain, three fibronectin III (FNIII) domains, one transmembrane domain, and one conversed tyrosine kinase cytoplasmic catalytic domain (34, 35) .
As an insulin-like peptide hormone, IAG probably performs its biological function through interacting with IRs in crustaceans. Four IR gene sequences were identified in the draft genome of Daphnia pulex (36) . In Macrobrachium rosenbergii, a full-length cDNA of an IR (MrIR) gene was reported to affect the development of spermatocytes inside the testis. This gene showed a wide distribution in different tissues of both males and females (37) . In the Eastern spiny lobster, Sagmariasus verreauxi, an SvIR, which was mainly detected in the antennal gland of both sexes and the testes of the males, showed an interaction with SvIAG in a reporter SRE-LUC system (38) . However, there is no sex-specific IR reported.
Previously, we identified two isoforms of IAG gene (FcIAG1 and FcIAG2) in the penaeid shrimp Fenneropenaeus chinensis (39) . In the current study, a potential receptor of FcIAG1 and FcIAG2 specifically expressed in the male shrimp was identified in F. chinensis, and its function was analyzed. The data provide evidence on understanding the molecular mechanism that IAG regulates the male sexual differentiation in crustaceans.
Materials and Methods

Animals and tissue collection
This study was approved by the Animal Care and Ethics Committee of the Institute of Oceanology, Chinese Academy of Sciences. The experimental animals received humane care in compliance with the Principles of Laboratory Animal Care developed by the National Society for Medical Research.
Ten healthy adult Chinese shrimp with a body length of 15.8 6 0.6 cm and a body weight of 46.7 6 1.2 g were collected and acclimated in fiberglass with air-pumped circulating sea water for 3 days before sampling. The hemolymph was collected using a syringe preloaded with an equal volume of sterilized precooled anticoagulant solution [115 mmol/L glucose, 27 mmol/L sodium citrate, 336 mmol/L NaCl, 9 mmol/L EDTA$Na 2 $2H 2 O (pH 7.4)]. The hemocytes were harvested from the hemolymph by centrifugation at 800 3 g, 4°C for 10 minutes. The other tissues, including stomach, muscle, heart, lymphoid organ (Oka), gut, hepatopancreas, eyestalk, gill, ventral nerve cord, thoracic ganglia, ovary, testis and AGrelated tissues (AG and part of muscle), were dissected from five female and five male individuals, respectively. All samples were immediately frozen in liquid nitrogen and stored in 280°C for RNA extraction.
Besides, testis and AG-related tissues were sampled from the male shrimp and cut into 4-mm 3 pieces and fixed in RNAfriendly fixative (RFF) for 48 hours at 4°C. Then, the tissues were dehydrated with serial ethanol, cleared with serial xylene, and finally embedded in paraffin. Tissues were cut into 5-to 7-mm sectopms for hematoxylin and eosin (H&E) staining or in situ hybridization.
RNA extraction and cDNA synthesis
Total RNAs were extracted from different tissues using RNAiso Plus reagent (TaKaRa, Kyoto, Japan) according to the manufacturer's instructions. Agarose electrophoresis and NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA) were used to detect the quality and the concentration of the RNA, respectively. First-strand cDNA was synthesized using 1.5 mg of total RNA with a PrimeScript RT reagent kit (TaKaRa) for reverse transcription polymerase chain reaction (PCR). Genomic DNA was eliminated using 53 genomic DNA eraser buffer in the first step at 42°C, 5 minutes. cDNA was synthesized according to the following procedure: 37°C for 1 hour, and 85°C for 5 seconds. The RNAs from testes and AGs were reverse transcribed using a RevertAid first-strand cDNA synthesis kit (Thermo Fisher Scientific) for gene cloning. The program was performed as the following procedure: 45°C for 60 minutes, 25°C for 5 minutes, and 70°C for 5 minutes. The cDNA samples were stored at 280°C for further use.
Gene cloning and sequence analysis
Five pairs of primers, that is, FcIAGR-1F/1R, FcIAGR-2F/2R, FcIAGR-3F/3R, FcIAGR-4F/4R, and FcIAGR-5F/5R (Table 1) , were designed to validate the full cDNA sequence.
PrimeStar GXL DNA polymerase (TaKaRa) was used to amplify the gene. The PCR was performed as the following procedure: 40 cycles of denaturation at 98°C for 10 seconds, annealing at 60°C for 15 seconds, and extension at 68°C for 
Semiquantitative PCR
To detect the expression levels of FcIAGR in different tissues, primers FcIAGR-qF/qR (Table 1) were designed to generate a 136-bp fragment. Semiquantitative PCR was performed using 18S ribosomal (rRNA) as an internal reference to adjust the amount of cDNA templates. Amplification was done with the following program: denaturation at 94°C for 5 minutes; 35 cycles of denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 30 seconds; final extension at 72°C for 10 minutes. The products were assessed by electrophoresis on 1.5% agarose gel.
In situ hybridization
Transcription of digoxygenin-labeled riboprobe
Primers FcIAGR-ishF/R with T7 promoter at the end of FcIAGR-ishF were designed to amplify a 612-bp fragment of FcIAGR as the template for the sense probe. Primers FcIAGR-F/ ishR with T7 promoter at the end of FcIAGR-ishR were designed to amplify the fragment of FcIAGR as the template for the antisense probe. The PCR products were purified by a MiniBEST DNA fragment purification kit (TaKaRa) and assessed by electrophoresis on 1.5% agarose gel. Digoxygenin (DIG)-labeled oligonucleotide probes were synthesized through in vitro transcription using DIG RNA labeling mixture (Roche, Basel, Switzerland) and TranscriptAid T7 high-yield transcription kit (Thermo Fisher Scientific). After assessing the concentration and quality of synthesized RNA probes by NanoDrop 2000 (Thermo Fisher Scientific) and agarose electrophoresis, the DIG-labeled RNA probes were stored at 280°C for later use.
In situ hybridization
Hybridization was performed following general protocol of a DIG RNA labeling kit (Roche). Paraffin-embedded testes and AG-related tissues were sectioned into slices of 5 to 7 mm. There sections were deparaffinized and hydrated. After treated with proteinase K (15 mg/mL) at 37°C for 30 minnutes, the slides were fixed in 4% paraformaldehyde at 4°C for 5 minutes and rehybridizing at 37°C for 3 hours. The final concentration of both sense RNA probe and antisense RNA probe was 1 ng/mL. RNA probe was added into the hybridization solution and incubated at 56°C overnight. After overnight hybridization, the signal was visualized by the color reaction using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate stock solution (Roche) and observed through a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan).
Colocalization of FcIAGR and FcIAGs
Plasmid construction
The plasmids pEGFP-N1 and pmCherry-N1 were digested with restriction endonucleases EcoRI and BamHI to generate linearized vectors. Primers FcIAGR-mCherry-1F/1R, FcIAGRmCherry-2F/2R and FcIAGR-mCherry-1F/2R were designed to amplify the nucleotide sequences that encoded the L1-CR-L2 domains (FcIAGR-LCL), the three FNIII domains (FcIAGR-FNIII), and the extracellular region of FcIAGR (FcIAGR-ER), respectively. Primers FcIAG1-enhanced green fluorescent protein (EGFP)-F/R and FcIAG2-EGFP-F/R were designed to amplify FcIAG1 and FcIAG2. All primers were added with 15-bp extensions that were homologous to the relevant linearized vector ends at both ends to generate the PCR products. The gene-specific primers are listed in Table 1 . The purified PCR products were inserted into the corresponding linearized vectors by setting up in-fusion cloning reaction using an In-Fusion HD cloning kit (Clontech, Mountain View, CA). The recombinant plasmids (Table 2) were transformed into Trans5a-competent cells (TransGen Biotech, Beijing, China) for sequencing. The confirmed clones were selected and cultured for plasmid extraction. Plasmids were extracted using Plasmid Mini Kit I (Omega, Lyndhurst, NJ) and stored at 280°C for use.
Cell culture and transient transfection
HEK293 cells were cultured in a 25-mL flask supplemented with 5 mL of Dulbecco's modified Eagle medium (Gibco, Waltham, MA) mixed with 10% fetal bovine serum and penicillin-streptomycin at 37°C. HEK293 cells were seeded onto a six-well plate 24 hours before transfection. Cells were transfected with Lipofectamine 3000 (Invitrogen, Waltham, MA). Combinations (Table 2) , including FcIAG1 and FcIAGR-LCL, FcIAG1 and FcIAGR-FNIII, FcIAG1 and FcIAGR-ER, FcIAG2 and FcIAGR-LCL, FcIAG2 and FcIAGR-FNIII, and FcIAG2 and FcIAGR-ER, were used for cotransfection. pEGFP-N1 and pmCherry-N1 were used as control group. The images of the distribution patterns of FcIAGR and FcIAGs were acquired through a Nikon Eclipse Ti fluorescence microscope (Nikon) after 48 hours of culturing. 
Yeast two-hybrid assay
Plasmid construction
A yeast two-hybrid system was used to further prove the interaction between the FcIAGs and FcIAGR. Both plasmids, that is, pGADT7 and pGBKT7, were digested with restriction endonucleases EcoRI and BamHI to generate linearized vectors. The nucleotide sequences of B chain and A chain of FcIAG1 and FcIAG2 genes were synthesized by Sangon Biotech (Shanghai, China). Primers FcIAGR-BD-1F/1R, FcIAGR-BD-2F/2R, FcIAGR-BD-1F/2R, FcIAG1-AD-F/R, and FcIAG2-AD-F/R (Table 1) were used to amplify the nucleotide sequences that encoded FcIAGR-LCL, FcIAGR-FNIII, and FcIAGR-ER and synthesized FcIAGs, respectively. The procedure for the primer design and the construction of expression vectors were the same as described in "Plasmid construction" above.
Yeast transformation and galactosidase assays
The recombinant plasmids combinations as described in "Cell culture and transient transfection" above (Table 2) were cotransformed into yeast strain Y2H Gold by the lithium acetate transformation procedure according to Matchmaker protocol manual (Clontech). The pGBK-p53 and pGAD-T-antigen were used for positive control. The pGBK-Lam and pGAD-T-antigen were used for negative control. After cotransforming, the yeast transformants were coated on SD/-Leu/-Trp (DDO) plates, growing 3 to 5 days at 30°C. All clones growing on DDO were collected and cultured on SD/-Leu/-Trp/X-a-gal (DDO/X) plates for 5 to 7 days at 30°C. Blue clones were selected and plated on SD/-Leu/-Trp/-His/-Ade/X-a-gal/Aba (QDO/X/A) plates to perform b-galactosidase activity analysis.
Preparation of dsRNA
A pair of primers with T7 promoter sequence, that is, FcIAGRdsF and FcIAG-dsR (Table 1) , was designed to amplify a 612-bp cDNA fragment of FcIAGR gene. The PCR was performed as the following procedure: 40 cycles of denaturation at 98°C for 10 seconds, annealing at 60°C for 15 seconds, and extension at 68°C for 3 minutes. Primers of EGFP-dsF and EGFP-dsR with the T7 promoter sequences (Table 1) 
RNA interference and quantitative real-time PCR
To optimize the silencing efficiency of dsRNA of FcIAGR, male Chinese shrimp at 60 days postlarval stage were chosen to optimize the dsRNA dosage. Genetic sex marker developed by https://academic.oup.com/endoour laboratory was used to identify the sex of shrimp (unpublished data), and male individuals were used for further RNA interference (RNAi) experiments. Different injection dosages, including 1 mg, 2 mg, 4 mg, 6 mg, and 8 mg, for each individual were set to detect the efficiency of RNAi. After optimization to the dsRNA dosage for RNAi, 6 mg was chosen to inject into each shrimp. Two hundred sixty individuals at postlarval stage 60 with body length of 2.4 6 0.3 cm were divided into two groups (control group and experimental group) for RNAi experiments. For the control group, each shrimp was injected with 6 mg of dsEGFP, and for the experimental group, each individual was injected with 6 mg of dsIAGR every 10 days. The process lasted for 60 days. AGs and testes of three individuals were sampled at 60 days after 48-hour injection with dsIAGR or dsEGFP, respectively. Total RNA extraction and cDNA synthesis was the same as described in "RNA extraction and cDNA synthesis" above.
SYBR Green-based quantitative real-time PCR was performed to detect the gene expression levels of FcIAGR. 18S rRNA was used as a reference gene. Primers FcIAGR-qF/qR and 18S-qF/ qR (Table 1) were used. The melting temperature of FcIAGR-qF/qR and 18S-qF/qR was 55°C and 56°C, respectively. The PCR amplification efficiency of FcIAGR-qF/qR and 18S-qF/qR was 101.2% and 95.7%, respectively. The quantitative real-time PCR was running on an Eppendorf Mastercycler ep realplex (Eppendorf, Hamburg, Germany) using SuperReal PreMix Plus (SYBR Green) (Tiangen, Beijing, China) under the conditions as follows: denaturation at 94°C for 2 minutes; 40 cycles of 94°C for 20 seconds, 56°C for 20 seconds, and 72°C for 20 seconds. The relative expression levels of FcIAGR were calculated using the comparative cycle threshold (Ct) method with the equation 2
2DDCt
. An unpaired two-tailed t test and Tukey multiple comparison test were used for statistical analysis by GraphPad Prism software (version 5.0). A P value of ,0.05 was considered statistically significant.
Histological observation on the testis of dsIAGR-injected shrimp
At the end of the RNAi experimental period, shrimp from two groups with body length of 7.1 6 0.6 cm were collected. Testes were dissected from the animals and cut into 4-mm 3 pieces and fixed in RFF for 48 hours at 4°C. After dehydration in gradient ethanol, they were embedded in paraffin as described in "Transcription of digoxygenin-labeled riboprobe" above. Paraffinembedded AGs and testes tissues were sectioned into slices of 5 to 7 mm. The sections were then stained with H&E and observed under a Nikon Eclipse 80i microscope (Nikon).
Results
The nucleotide and deduced amino acid sequences of FcIAGR
A transcript identified as a putative IAG receptor (FcIAGR) using BlastX (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was Fig. 1(A) and 1(C) ]. A threedimensional model of the ectodomain was constructed as a "V" type [ Fig. 1(B) ].
Sequence similarities and classification of IR family members
Multiple alignments revealed that the tyrosine kinase domain was the most conserved region among IRs from invertebrates to vertebrates, whereas the similarities among the whole amino acid sequences of different IRs were relatively low (Fig. 2) . FcIAGR showed the highest similarity (79%) in the tyrosine kinase domain with SvIR from S. verreauxi, followed by IRs from other species with the similarities ranging from 51% to 39%. For the whole amino acid sequence, FcIAGR also showed the highest similarity (60%) with SvIR, followed by IRs from other species with the similarities ranging from 39% to 28% (Fig. 2) . The phylogenetic analysis showed that FcIAGR was clustered into a separate branch with IRs from decapods M. rosenbergii and S. verreauxi. However, IRs from another crustacean, D. pulex, were first clustered with IRs from insects and mollusks, and then clustered together with IRs from vertebrates (Fig. 3) .
Tissue distribution of FcIAGR
Semiquantitative PCR was performed to analyze the expression pattern of FcIAGR among different tissues from female and male Chinese shrimp. After 35-cycle amplifications, the transcripts of FcIAGR were mainly distributed in AG and testis. Weak amplification was detected in gut (Fig. 4) . There was no amplification detected in other tissues.
In situ hybridization analysis was performed to localize the transcripts of FcIAGR in testis and AG. The results showed that FcIAGR transcripts were exclusively expressed in the cells of the AG, whereas they were mainly located in the spermatocytes and sperm cells in the testis (Fig. 5) . Figure 3 . Phylogenetic analysis of FcIAGR (C) and other homologous genes from other species. Bootstraps were performed with 1000 replicates to ensure reliability. FcIAGR homologous genes used for phylogenetic analysis are listed in Fig. 2 .
Colocalization of FcIAGR and FcIAGs
According to the tissue distribution of FcIAGR in male animals, we speculated that some relationships should exist in FcIAGR and FcIAGs. Therefore, we subsequently investigated the colocalization of FcIAGR and FcIAGs in HEK293 cells. In the negative control group, the green and red fluorescence signals expressed by pEGFP-N1 and pmCherry-N1 were evenly distributed in the cytoplasm of HEK293 cells (Fig. 6A) , indicating that no interactions between EGFP and mCherry fluorescent proteins occurred. On the contrary, the fluorescence signals were aggregated into bright spots in the cytoplasm of HEK293 cells when they were cotransfected with the constructed pmCherry-FcIAGR-LCL plasmid and pEGFP-FcIAG1 plasmid ( Fig. 6Ba-d) , or pmCherry-FcIAGR-LCL plasmid and pEGFP-FcIAG2 plasmid (Fig. 6Ca-d) , indicating that an interaction existed for each of the two combinations. The fluorescence signals expressed by HEK293 cells that cotransfected with the constructed pmCherryFcIAGR-FNIII plasmid and pEGFP-FcIAG1 plasmid (Fig. 6Be-h) or the pmCherry-FcIAGR-FNIII plasmid and pEGFP-FcIAG2 plasmid (Fig. 6Ce-h) were evenly distributed in the cytoplasm, which were the same as the result observed in the negative control group. Nevertheless, the fluorescence signals were found aggregating into bright spots in HEK293 cells that were cotransfected with constructed pmCherry-FcIAGR-ER plasmid and pEGFPFcIAG1 plasmid (Fig. 6Bi-l) , or pmCherry-FcIAGR-ER plasmid and pEGFP-FcIAG2 plasmid (Fig. 6Ci-l) .
Interaction between FcIAGR and FcIAGs
A two-yeast hybrid assay was performed to examine whether FcIAGR had interaction with FcIAGs. In the positive control, pGBK-p53 and pGAD-T-antigen plasmids were cotransfected into yeast cells, and the reporter gene was activated and the colonies turned blue (Fig. 7,  zone 1) . When the yeast cells were cotransfected with plasmids expressing FcIAGR-LCL and FcIAG1 (Fig. 7A , zone 2), FcIAGR-ER and FcIAG1 (Fig. 7C, zone 2) , FcIAGR-LCL and FcIAG2 (Fig. 7D, zone 2) , or FcIAGR-ER and FcIAG2 (Fig. 7F, zone 2) , the reporter gene was Figure 5 . Localization of FcIAGR transcripts in the AG and testis of F. chinensis. (A, D, and G) H&E staining and (C, F, and I ) sense probe were used as controls of (B, E, and H) the antisense probe hybridization. AG, androgenic gland; Ms, muscle; S, sperm cell; Sp, spermatocyte. chinensis. 18S rRNA gene was used as the internal reference. AG, androgenic gland related tissues; Es, eyestalk; Gi, gill; Gt, gut; Hc, hemocyte; Hp, hepatopancreas; Ht, heart; Ms, muscle; Oka, lymph organ; Ov, ovary; St, stomach; Te, testis; TG, thoracic ganglia; VNC, ventral nerve cord.
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activated and the colonies turned blue. When the yeast cells were cotransfected with plasmids expressing FcIAGR-FNIII and FcIAG1 (Fig. 7B, zone 2) or FcIAGR-FNIII and FcIAG2 (Fig. 7E, zone 2) , the reporter gene could not be activated. No expression of the reporter gene was found in self-activation groups (Fig. 7 , zones 3 and 4) and negative groups (Fig. 7, zone 5) .
Silencing of FcIAGR arrested testis development
The silencing efficiency of dsIAGR depended on the injection dosages of dsRNA. The expression levels of FcIAGR gradually decreased when the dosage of dsIAGR increased. The expression level of FcIAGR in 6 mg of dsIAGR-injected individuals showed an extremely significant decrease compared with that in the control group https://academic.oup.com/endo 2181 (Fig. 8A) . After long-term RNAi experiment, 6 mg of dsIAGR significantly inhibited the expression levels of FcIAGR in AG and testis (Fig. 8B) . Through histological observation on the testis of shrimp with FcIAGR interference and those from the control group, we found that the testes from the dsEGFPinjected group showed active spermatogenesis, with highly abundant mature sperm cells in seminiferous tubules (Fig. 9A) , whereas an arrest of spermatogenesis existed in the testes of shrimp with dsIAGR interference, and the secondary spermatocytes mainly existed in most seminiferous tubules of the testis (Fig. 9B) .
Discussion
In crustaceans, IAG regulates male sexual differentiation. Identification of the receptor for IAG is very important for illustrating the sex differentiation mechanism in crustaceans. In the current study, a putative IAG receptor gene, termed FcIAGR, was isolated and characterized from the Chinese shrimp F. chinensis. As a member of evolutionarily conserved IR family, FcIAGR contained several conserved domains of IRs (40), including two L domains, one CR domain, three FNIII domains, and one intracellular tyrosine kinase domain. The predicted threedimensional model of the ectodomain of FcIAGR was similar to that of the IR in humans, like an inverted "V" (41) . The phylogenetic analysis results showed that FcIAGR was clustered into a separate branch with IRs from decapods M. rosenbergii and S. verreauxi. However, their relationship was far from IRs in other arthropods and mollusks, which were finally constituted in a large group with IRs from vertebrates. These results indicated that FcIAGR might have similar biological function with SvIR and MrIR, which might be different from classical IR function.
Although two IRs (MrIR and SvIR) in decapod crustaceans M. rosenbergii and S. verreauxi have been reported to be possible IAG receptors, they showed wide distribution patterns in both sexes (37, 38) . High expressions of MrIR were detected in the green gland of both sexes and the ovaries of females, whereas low expressions were detected in the head ganglia and thoracic ganglia of both sexes and the AG of male M. rosenbergii (37) . SvIR was dominantly expressed in the antennal gland of both sexes and the testis of male S. verreauxi (38) . Different from MrIR and SvIR, FcIAGR showed a male-specific expression pattern, which was mainly expressed in AG and testis of F. chinensis. The distribution pattern of FcIAGR gave us a clue that it was more possible to be involved in the specific function in males, especially related to AG and testis. The high expression levels of FcIAGR in testis might indicate that testis was a target tissue for IAG function. Besides, a low expression of FcIAGR in the gut of male rather than female shrimp might be related to the appearance of appendix masculine (16) and agonistic behavior of male individuals (42) .
The insulin-like signaling pathway is directly activated by insulin-like peptides binding to their receptors. Investigating the reaction between the extracellular region of FcIAGR and FcIAGs can help establish whether FcIAGR functioned as the receptor of FcIAGs. The binding site was supposed to be located in the L1-CR-L2 domains rather than the three FNIII domains of the ectodomain of FcIAGR. This was because FcIAGR-LCL and FcIAGR-ER could colocalize with both FcIAG1 and FcIAG2 in the HEK293 cells. However, FcIAGR-FNIII was not involved in the ligand-receptor binding process. Under a yeast two-hybrid assay, FcIAGR-LCL and FcIAGR-ER could also interact with FcIAGs. The interaction between FcIAGR and FcIAGs followed the classical binding manner of insulin to its receptor, in which insulin bound to the L1 domain and C terminus of the CR domain of its receptor (43) .
In C. quadricarinatus and M. rosenbergii, IAG silencing could lead to the hypertrophied AG, which suggested that IAG might regulate its own secretion by feedback inhibition (26, 44) . Expression of FcIAGR in both AG and testis of F. chinensis suggested that FcIAGR might participate in the feedback regulation of FcIAGs secretion. Different insulin-like peptides, such as insulin, insulin-like growth factor (IGF)-1, and IGF-2, bind to the receptor IGF-1R with different affinities when playing their molecular functions (45) . In F. chinensis, the AG was the main tissue for the expression of two kinds of FcIAG transcripts, but they displayed different expression profiles throughout the developmental stages (23). The two FcIAGs could both interact with one receptor, FcIAGR, indicating that there might be a competitive regulation between FcIAG1 and FcIAG2 when they bound to the receptor.
Functional studies of IAG genes showed their roles in testis development and spermatogenesis. In M. rosenbergii, sperm was absent in either the sperm ducts or testis after silencing of MrIAG with dsRNA (26) . In C. quadricarinatus, testicular degeneration and the absence of sperm in sperm duct were observed after IAG silencing (44) . Similar results were found after silencing of the putative receptor gene MrIR in M. rosenbergii. Less sperm and more secondary spermatocytes were generated in the sperm duct after MrIR silencing (44) . Silencing of FcIAGR also led to developmental arrest of spermatogenesis. After silencing of FcIAGR, most of the seminiferous lobes filled with secondary spermatocytes rather than sperm in the control group. FcIAGR might be indispensable for the spermatogenesis process from secondary spermatocytes to sperm because FcIAGR was widely expressed in the primary spermatocytes, secondary spermatocytes, and sperm. In vertebrates, the vital role of the family of insulin-like family factors in sex determination, testis differentiation, and reproductive function has been demonstrated (46) . In mice, embryos failed to develop testis without IR and IGF-1R (47) . This evidence suggested that insulin-like peptides and their receptors might have functions in male sexual differentiation. Considering that FcIAGR showed a low sequence similarity with reported IRs and presented a male-specific expression pattern rather than expression in both sexes similar to MrIR (37) and SvIR (38), FcIAGR might be the specific receptor for IAG function.
In conclusion, the current study identified and characterized a putative IAG receptor FcIAGR, which was mainly expressed in AG and testis. FcIAGR possessed the conserved domains of receptor tyrosine kinases, belonging to the IR family. Colocalization and a yeast two-hybridization assay confirmed that FcIAGR could interact with FcIAG1 and FcIAG2. The result of FcIAGR silencing demonstrated its function in regulating spermatogenesis. Future studies will focus on the regulation of male sexual differentiation of the FcIAGR gene. Additionally, structure study and chemical ligand isolation of FcIAGR protein will also be carried out to develop new sex control technology.
